The adaptation to repeated, alternate normo baric hypoxic and normoxic exposures (12 h/day, for 5 days) and to pharmacological treatment was evaluated by studying the specific activities of some enzymes related to cerebral energy metabolism, Measurements were car ried out on (a) the homogenate in toto, (b) the purified mitochondrial fraction, and (c) the crude synaptosomal fraction in different areas of rat brain-cerebral cortex, hippocampus, corpus striatum, hypothalamus, cere bellum, and medulla oblongata. The adaptation to inter mittent normobaric hypoxic-normoxic exposures was characterized by significant modifications of some en-Address correspondence and reprint requests (0 Prof . G.
A moderate decrease of the appropriate supply of oxygen causes a series of biochemical events leading to a rapid loss of neuronal function (Mas sopust et aI. , 1969; Cohen, 1973; Mac Millan et aI. , 1976) . Hypoxia is responsible for pronounced mod ifications of the contents of cerebral neurotrans mitters (Wood et al. , 1968; Duffy et al. , 1972; Bowen et aI. , 1976; Gibson et al. , 1978) ; e. g. , at a Pao 2 of 35 mm Hg, the synthesis of catecholamines and indolamines is inhibited (Davis and Carlsson, 1973 ; Davis, 1976) . Even under mild hypoxia, changes in the intermediate metabolism or in the metabolism of neurotransmitters may occur, as in the cases of acetylcholine, the synthesis of which decreases by 40-50% at a P a02 of 42-57 mm Hg (Gibson and Duffy, 1981) , and glycolysis, which is stimulated even by a P a02 of 50 mm Hg (Norberg et al. , 1975) . On the contrary, some aspects of cerebral metabolism are less sensitive to a decrease in Pao2.
For example, a P a02 of � 25 mm Hg must be reached zyme activities in synaptosomes (decrease of cytochrome oxidase activity in the hippocampus, corpus striatum, and cerebellum; decrease of malate dehydrogenase activity in the cerebellum) and in the purified mitochondrial fraction (increase of succinate dehydrogenase activity in the corpus striatum). Daily treatment with three doses of naf tidrofuryl (l0, 15, and 22. 5 mg/kg i.m. ) modified some enzyme activities affected or unaffected by intermittent hypoxia and, particularly, decreased acetylcholinesterase activity. Key Words: Enzyme activities-Hypoxia adap tation -Intermittent hypoxia-Mitochondria-N aftid rofuryl-Synaptosomes. before a change in Krebs' cycle intermediates is observed (Bachelard et al. , 1974) . Lower O 2 partial pressure causes deep modifications of the content of cyclic nucleotides (Benzi and Villa, 1976; Fol bergrova et al. , 1981) and of the phospholipid com position of nerve cell membranes, with massive re lease of free fatty acids. These modifications are related to a marked impairment of energy metabo lism (Benzi and Villa, 1976; Gardiner et aI. , 1981) .
The model of intermittent normobaric hypoxia has been used largely to study the cerebral lipid metabolism and the cerebral synthesis of nucleic acids and proteins, for example. Under these con ditions, the most important adaptative modifica tions were (a) a decrease in the incorporation of labeled precursors into lipids in different subcellular fractions purified from some brain regions (Al berghina and Giuffrida, 1981), (b) a decrease in some microsomal enzymatic activities (lysophos phatidylcholine acyltransferase, choline phospho transferase, glycerol-3-phosphate acyitransferase, triacylglycerol lipase) consistent with marked acti vation of microsomal and mitochondrial phospho lipase A2 (Alberghina et al. , 1982) , and (c) a marked decrease in the incorporation of labeled precursors into deoxyribonucleic acid, ribonucleic acid, and cerebral proteins of subcellular fractions purified from various brain regions (Serra et ai. , 1981) .
However, few data are available with regard to the adaptation of enzyme activities dealing with energy metabolism (Hamberger and Hyden, 1963; Berlet et aI. , 1979) . The purpose of the present investigation was to point out the cerebral enzyme adaptation to repeated, alternate normobaric hypoxic exposures, with or without treatment with three doses of naf tidrofuryi. Therefore, many enzyme activities re lated to energy metabolism were measured in var ious rat brain areas (cerebral cortex, hippocampus, corpus striatum, hypothalamus, cerebellum, me dulla oblongata) and in different subcellular frac tions (homogenate in toto, purified mitochondrial fraction, crude synaptosomal fraction).
The effect of treatment with three different doses of naftidrofuryl on the hypoxic condition was also evaluated. In fact, this drug seems to induce vaso dilation at the cerebral level, with moderate EEG activation (Fontaine et aI. , 1968 (Fontaine et aI. , , 1969b Pourrias and Raynaud, 1972; Takagi et aI. , 1972; Yanagita et aI. , 1972) , probably related to changes in cerebral metabolism and particularly in glucose catabolism (Meynaud et a!. , 1975) . In rabbit, the drug induces an increase of the oxygen partial pressure for ce rebral cortex, the carotid blood flow being slightly increased and the heart rate and mean arterial blood pressure being practically unchanged (Plot kine et a!. , 1975). The in vivo administration of naftidro furyl induces few but different changes in some en zymatic activities evaluated in synaptic and non synaptic mitochondria from rat cerebral cortex (Da gani et aI. , 1983a,b) . In vitro the drug increases the activity of succinate dehydrogenase (Meynaud et aI. , 1973a,b) , but decreases the mitochondrial re spiratory rate, probably by an uncoupling effect, since state 4 respiration increases and state 3 res piration decreases (Nowicki et a!. , 1982) . Under moderate hypobaric hypoxia, the drug induces in mouse brain a marked increase in the turnover time of norepinephrine and a slight increase in the turn over time of dopamine (Cretet et aI. , 1978) . During intermittent hypobaric hypoxia performed for 5 days, the protection afforded by naftidrofuryl is probably related to a modulation of catecholamine utilization (Boismare et a!. , 1981) .
MATERIALS AND METHODS
The animals were kept under constant environmental conditions (temperature 22 ± 1°C; relative humidity 60 ± 5%; circadian rhythm 12 h light and 12 h dark) and fed normal laboratory diet as pellets with water ad libitum. Five groups of 16-week-old female rats (Sprague-Dawley strain; Charles River, Calco-Varese, Italy) weighing 250 Vol. 4, No.4, 1984 ± 20 g were used: group I (normoxic untreated animals), rats breathing room air and receiving daily saline intra muscularly for 5 days; group 2 (hypoxic untreated ani mals), rats kept under normobaric hypoxia in a chamber flushed with a nitrogen/oxygen mixture (90: 10) for 12 h/day (8:00 a.m. to 8:00 p.m.) for 5 days, and treated daily with saline intramuscularly; groups 3-5 (hypoxic treated animals), rats kept under normobaric hypoxia like group 2, but treated daily with 10, 15, or 22.5 mg/kg i.m. naf tidrofuryl. The animals of groups 2-5 received treatments 30 min before being put into the chamber flushed with gas mixture. In a group of hypoxic untreated rats exposed to the gas mixture in the animal chamber, the daily values of the arterial parameters tested (P a02' P ac02) were strictly in agreement with the literature data (Lewis et aI., 1973) . The rats were sacrificed 12 h after the last hypoxia period. The brain of a single animal was quickly removed from the skull (15 s) and immersed in iced 0.32 M sucrose solution. The individual areas (cerebral cortex, hippocampus, corpus striatum, hypothalamus, cere bellum, and medulla oblongata) were dissected in � 1-1.30 min in a precooled box at -5°C (Glowinski and Iversen, 1966) . The weights of the different areas were as follows: cerebral cortex 701.00 ± 17.10 mg; hippo campus 148.25 ± 5.81 mg; hypothalamus 78.00 ± 2.45 mg; striatum 113.62 ± 3.30 mg; cerebellum 265.67 ± 3.57 mg; medulla oblongata 224.62 ± 8.85 mg.
The brain areas were homogenized in 0.32 M sucrose (10% wt/vol) in a precooled Potter Braun S homogenizer (I min, three strokes up and down, 800 rpm). An aliquot of this homogenate was used to measure the following enzymes: hexokinase (EC 2.7.1.1) (Knull et aI., 1973) , phosphofructokinase (EC 2.7.1.11) (Sugden and News holme, 1975a) , pyruvate kinase (EC 2.7.1.40) (Johnson, 1960) , and lactate dehydrogenase (EC 1.1.1.27) (Berg meyer and Bernt, 1974) . The remaining homogenate was centrifuged at 900 gmax for 10 min (precooled Beckman J 21C centrifuge, JA20 rotor). The nuclear fraction was washed with 0.32 M sucrose, resuspended, and recentri fuged as above. The combined supernatants were centri fuged at 11,500 g max for 20 min. The crude mitochondrial fraction was washed, resuspended in I ml of 0.32 M su crose, layered onto a discontinuous sucrose gradient (0.70, 0.81, 0.97, 1.12 M), and centrifuged at 88,000 gmax for I h (Beckman L5-50 ultracentrifuge, Beckman SW 50.1 rotor) to obtain the purified mitochondrial fraction. The crude synaptosomal fraction was recovered by as piration and then sedimented by centrifugation at 48,000 gm a x for 30 min. The following enzyme activities were evaluated in the purified mitochondrial fraction: hexoki nase (Knull et aI., 1973) , citrate synthase (EC 4.1.3.7) (Sugden and Newsholme, 1975b) , succinate dehydro genase (EC 1.3.99.1) (Ackrell et aI., 1978) , malate dehy drogenase (EC 1.1.1.37) (Ochoa, 1955) , total NADH-cy tochrome c reductase (EC 1.6.99.3) (Nason and Vas ington, 1963) , cytochrome oxidase (EC 1.9.3.1) (Smith, 1955) , and glutamate dehydrogenase (EC 1.4.1.3) (Sugden and Newsholme, 1975b) . In the crude synaptosomal frac tion, the following enzyme activities were evaluated: lac tate dehydrogenase (Bergmeyer and Bernt, 1974) , malate dehydrogenase (Ochoa, 1955) , cytochrome oxidase (Smith, 1955) , and acetylcholinesterase (EC 3. I. 1. 7) (Ellman et aI., 1961) . This method is not specific for ace tylcholinesterase but measures the total cholinesterase. However, pseudocholinesterase (EC 3.1.1.8) activity in adult rat brain is only 2-5% of total cholinesterase ac tivity.
For the assay of each enzyme's activity, 50-150 fLg of protein was utilized, depending on the enzymatic assay and on the subfraction examined. For each brain area, the total amount of protein recovered in the homogenate in toto and in the mitochondrial and synaptosomal frac tions was sufficient to allow the measurement of the above-cited enzyme activities. Protein content was eval uated by the method of Lowry et al. (1951) . The results were analyzed by analysis of variance.
RESULTS

Events induced by intermittent normobaric hypoxia
In the cerebral cortex (Table 1) , hypothalamus ( Table 4) , and medulla oblongata ( Table 6) , none of the enzyme activities evaluated in the total homog enate, purified mitochondrial fraction, or crude syn aptosomal fraction showed significant differences from those in normoxic animals.
In the hippocampus ( Table 2) , corpus striatum ( Table 3) , and cerebellum (Table 5) 
Events induced by both intermittent normobaric hypoxia and naftidrofuryl treatment
In the purified mitochondrial fraction from the cerebral cortex (Table 1) , the activity of malate de hydrogenase was reduced (a) in the hypoxic rats treated daily with 10 mg/kg i. m. naftidrofuryl, with respect to controls (p < 0.05), and (b) in the hypoxic rats treated daily with 15 mg/kg i. m. naftidrofuryl, with respect to both control and untreated hypoxic animals (p < 0.01 and p < 0.05, respectively). The activity of glutamate dehydrogenase was decreased in the hypoxic rats given daily 10 mg/kg i. m. naftid rofuryl, as compared with controls (p < 0. 05). In the synaptosomal fraction from cerebral cortex, the activity of acetylcholinesterase markedly decreased in hypoxic animals receiving 10 mg/kg i. m. of the drug daily, with respect to both control (p < 0.05) and hypoxic untreated (p < 0.01) rats, whereas with 15 and 22. 5 mg/kg of naftidrofuryl daily, such ac tivity was lower than in the hypoxic untreated rats (p < 0.05). Of course, for each enzyme tested, the comparison between the normoxic untreated and the hypoxic treated groups of rats appears less im portant because of two independent variables.
In the homogenate in toto from the hippocampus ( Table 2) , the activity of pyruvate kinase was re duced in the hypoxic animals given 10 mg/kg i. m. naftidrofuryl daily, with respect to hypoxic un treated rats (p < 0.05), whereas in the crude syn aptosomal fraction, with respect to controls, the ac tivity of the cytochrome oxidase was lower in hyp oxic animals receiving daily doses of 10 (p < 0.01) or 15 (p < 0.05) mg/kg i. m. naftidrofuryl. The ac- Values are means ± SEM of four to seven animals, expressed as nmol min -I mg protein -I .
Differs from control animals: "p < 0. 05 ; bp < 0. 01. Differs from hypoxic untreated animals: 'p < 0. 05; dp < 0. 01 . tivity of acetylcholinesterase was reduced in the hypoxic animals given 10 mg/kg i. m. daily, with re spect to both control (p < 0. 01) and hypoxic un treated (p < 0.05) rats. At higher doses, the activity of the acetylcholinesterase was also lower than in controls (p < 0. 01 and p < 0.05, respectively).
In the pure mitochondrial fraction from the corpus striatum (Table 3) , the activity of succinate dehydrogenase was increased in the hypoxic ani mals given 10 (p < 0. 01) or 22.5 (p < 0.01) mg/kg i.m. naftidrofuryl daily, with respect to controls. At the latter dose, the increase was significant also with respect to the hypoxic untreated animals (p < 0.05). In the crude synaptosomal fraction, the ac tivity of cytochrome oxidase was decreased in the hypoxic animals given 10 and 15 mg/kg i.m. of drug daily, with respect to the control groups (p < 0.01 and p < 0. 05, respectively). In the homogenate in toto from the hypothalamus (Table 4) , the activity of the pyruvate kinase was decreased in the hypoxic animals given 15 mg/kg i.m. naftidrofuryl daily, with respect to hypoxic un treated rats (p < 0.05). In synaptosomes, the ac tivity of acetylcholinesterase was reduced by 10 and 15 mg/kg naftidrofuryl, with respect to both control (p < 0.01 and p < 0.05, respectively) and hypoxic untreated (p < 0.05 in both cases) rats. With the daily dose of 22.5 mg/kg, the acetylcholinesterase activity differed from controls (p < 0.05).
In the homogenate in toto from the cerebellum ( Table 5 ) of the hypoxic rats receiving 10 and 15 mg/ kg i.m. naftidrofuryl daily, the activity of pyruvate kinase was reduced with respect to both control (p < 0.05 and p < 0.01, respectively) and hypoxic un treated (p < 0.05 and p < 0.01, respectively) ani mals. In the crude synaptosomal fraction, the malate dehydrogenase activity was reduced in the hypoxic animals given 10 (p < 0.01) or 15 (p < 0.05) mg/kg i.m. naftidrofuryl daily, whereas after dosing with 22.5 mg/kg i.m., this activity did not show any difference with respect to controls. The activity of cytochrome oxidase I which was lower in hypoxic untreated rats than in controls (p < 0.05)] in the hypoxic animals treated daily with the three doses of naftidrofuryl intramuscularly did not show sig nificant differences as compared with controls.
In the crude synaptosomal fraction from medulla oblongata ( Table 6) , the activity of acetylcholines terase was lower in hypoxic rats given 10 mg/kg i.m. naftidrofuryl daily than in the hypoxic untreated an imals (p < 0.05). Such a decrease was also found in the hypoxic animals receiving 15 mg/kg i.m. of drug daily, with respect to both hypoxic untreated animals (p < 0.01) and controls (p < 0.05). FinaIJy, in the hypoxic animals given 22.5 mg/kg i.m. naf tidrofuryl daily, the activity of acetylcholinesterase was lower than in hypoxic untreated rats (p < 0.05).
DISCUSSION
Cerebral enzyme adaptation to intermittent hypoxia
This study emphasizes the enzyme adaptation to intermittent hypoxia. Even if the oxygen-dependent changes of the energy metabolic enzyme system occur quite rapidly, the deepest hypoxia-induced changes cannot be observed in this particular study since 12 h of normoxia followed the hypoxia period prior to sampling. Really, the present data represent the adaptation to repeated, alternate hypoxic and normoxic exposures for 12 h, and, therefore, the enzymatic changes could be related also to the brain' s full reoxygenation. erate, intermittent, normobaric hypoxia are espe cially evident in the crude synaptosomal fraction, where the activity of cytochrome oxidase is re duced in three different brain areas (hippocampus, corpus striatum, and cerebellum) and the activity The effects of the biochemical adaptation to mod- of malate dehydrogenase is decreased in the cere bellum. In the purified mitochondrial fraction, only succinate dehydrogenase increases in the corpus striatum. This high sensibility of the synaptic com partment is in agreement with previous data ob tained using various models of severe acute hypoxia (Gibson et aI. , 1975; 1978; Rafalowska et aI. , 1980; Benzi et aI. , 1981; Harvey et aI. , 1982) . The bio chemical modifications due to hypoxia are strictly related to the severity and duration of the hypoxic insult. Brain ,),-aminobutyric acid content increases in step with a lowering of the 02 concentration in the breathing gas mixture administered, being un changed above 8% O2 (Wood et aI. , 1968) . Long exposure to 10% O2 concentration leads to a de crease of ,),-aminobutyric acid content in substantia nigra and to an increase in striatum and cerebellum (Arregui and Barer, 1980) . Cytochrome oxidase ac tivity is markedly increased by acute, severe hyp oxia in cerebral cortex (Hamberger and Hyden, 1963; Smialek and Hamberger, 1970) . However, this enzyme activity is unchanged or decreased as a consequence of adaptation to intermittent mild hyp oxia.
The decrease of cytochrome oxidase activity in the synaptosomal fraction may reflect an adaptation to low oxygen partial pressure, and furthermore re veals a difference in sensibility of the enzyme lo cated in synaptic mitochondria with respect to the enzyme located in non synaptic mitochondria (free mitochondria), which is unaffected. This finding might also confirm the different metabolic behav iors exhibited by synaptic and nonsynaptic mito chondria in normal animals during adaptation to pathophysiological conditions (such as intermittent hypoxia) (Lai and Clark, 1976; Lai et aI. , 1977) .
A similar biochemical adaptation to intermittent hypoxic assault can also account for the changed activity of succinate dehydrogenase in the purified mitochondria of the corpus striatum. Since both cy tochrome oxidase and succinate dehydrogenase are mitochondrial inner membrane-bound enzymes, changes in their activities might be related to mod ifications of phospholipid synthesis and therefore to membrane struc ture. These observations suggest that adaptation to repeated hypoxic insults may lead to changes in the biochemical machinery of the brain, which seems to differ according to the particular brain area, sub cellular compartment, and enzyme activity in volved. Mild intermittent hypoxia is known to de press to a large extent both protein and nucleic acid synthesis in brain (Serra et aI. , 1981) . Thus, a de crease of protein synthesis due to hypoxia may se lectively affect the enzyme activities, the enzyme proteins having different half-lives (Dunlop, 1978) .
Naftidrofuryl interference with cerebral enzyme adaptation to intermittent hypoxia
Previous studies showed that the single intraperi toneal administration of 7.5, 15, 30, or 60 mg/kg naftidrofuryl to normoxic rats (sacrificed at 30 or 60 min after treatment) induced scanty modifica tions in the cerebral enzymatic activities related to energy transduction and evaluated in free or syn aptic (SM] or SM2) mitochondria from cerebral cortex. In any case, no dose-effect relationship could be established (Dagani et aI. , 1983a,b Values are means ± SEM of four to seven animals, expressed as nmol min -I mg protein -I .
a Differs in comparison with control animals , p < 0.05.
values. Furthermore, the pharmacological treat ment markedly decreases acetylcholinesterase ac tivity in many brain areas of hypoxic treated rats. This is an interesting finding (a) since the adminis tration of a typical anticholinesterase agent (such as physostigmine) enhances the resistance to hypoxia (Scremin and Scremin, 1979) and induces a de crease in O2 consumption by the brain (Scremin et al., 1978) , and (b) naftidrofuryl interferes with some enzyme activities affected or unaffected by intermittent hypoxia. This could be a consequence of the modified bioener getic adaptation or a reflection of the complexity of the adaptative mechanism involved when other fac tors may be changing in addition to energy trans duction, e.g., ion transport, synaptic transmission, or membrane structure. sistance of Mr. L. Maggi and Mr. G. Arioli is grateful1y acknowledged.
